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Abstract
A hoop force driven magnetic Rayleigh–Taylor instability (MRTI) is observed in a laboratory experiment that
simulates a solar coronal loop. Increase of the axial wavelength λ is observed when the axial magnetic ﬁeld
increases. This scaling is consistent with the theoretical MRTI growth rate ( · )g m r= - k Bgk 22 0 2 0 , which
implies that if k is parallel to B0 (i.e., undular mode), the fastest-growing mode has l p p m r= =k B g2 8 02 0 .
Uniﬁed Astronomy Thesaurus concepts: Magnetohydrodynamics (1964); Laboratory astrophysics (2004); Solar
activity (1475); Solar corona (1483); Solar prominences (1519); Solar ﬁlaments (1495); Quiescent solar
prominence (1321); Solar coronal plumes (2039); Solar coronal mass ejections (310); Space plasmas (1544)
1. Introduction
The Rayleigh–Taylor instability (RTI) is an important
instability in many astrophysical and laboratory systems, such
as supernova explosions (Hachisu et al. 1992; Hester et al.
1996; Porth et al. 2014), solar prominences (Berger et al. 2010;
Ryutova et al. 2010; Terradas et al. 2015; Hillier 2018), and
inertial conﬁnement fusion (Takabe et al. 1985; Betti et al.
1998). RTI occurs when a heavy ﬂuid is initially on top of a
light ﬂuid. If the low-density ﬂuid is vacuum, the interface is
planar, and there is no magnetic ﬁeld, the growth rate of this
one-dimensional instability is
( )g = gk , 1
where g is the gravitational acceleration and k is the spatial
wavenumber. The instability grows as ( )gtexp with a ripple
structure initially followed by later development of plumes and
ﬁnger-like structures. For a plasma supported above vacuum by
a magnetic ﬁeld parallel to the planar interface, assuming that
there is no magnetic ﬁeld shear near the interface and the
conducting wall is far away from the magnetic Rayleigh–
Taylor instability (MRTI) location (Kruskal & Schwarzschild
1954; Goedbloed et al. 2019), the growth rate reduces to
( · ) ( )g m r= -
k B
gk
2
, 22 0
2
0
where B0 is the unperturbed magnetic ﬁeld. For a perturbation
with ^k B0, also known as an interchange mode, the growth
rate is the same as the RTI without a magnetic ﬁeld. However,
for a perturbation with k B0, known as an undular mode, the
growth rate is
( ) ( )g m r= -gk
kB2
. 32 0
2
0
The undular mode has a critical wavelength
( )l pm r=
B
g
4
4c
0
2
0
at which γ=0. If λ<λc, γ
2<0, which implies that only
perturbations with wavelength l l> c can grow. Equation (3)
also shows that there is a fastest-growing wavelength, which is
given by
( )l l pm r= =
B
g
2
8
5m c
0
2
0
and which corresponds to a maximum growth rate
( )g = gk
2
. 6m
Zhai & Bellan (2016) derived the MHD theory of the MRTI on
the surface of a magnetically conﬁned cylindrical plasma ﬂux
rope. The Rayleigh–Taylor instability is found to couple to the
classic current-driven instability, resulting in a new type of
hybrid instability.
The MRTI is thought to be the mechanism for the formation
and dynamics of plumes in solar prominences. Berger et al.
(2010) observed the upﬂows from plumes caused by the MRTI.
Ryutova et al. (2010) described how the theoretically predicted
growth rates and behaviors for the MRTI matched observations
of quiescent prominence plumes. Hillier et al. (2012) veriﬁed
the MRTI mechanism for upﬂows from simulations. Keppens
et al. (2015) found the indications of secondary Kelvin–
Helmholtz instabilities due to shear ﬂows at the bubbles.
However, the dependence on magnetic ﬁeld strengths and how
this dependence affects observed differences is still not
determined. An example of such differences is that some
prominences produce many small plumes while others produce
only large plumes (Berger et al. 2010).
Previous experiments (Lebedev et al. 1998; Sinars et al.
2010; de Grouchy et al. 2018) investigated the MRTI using Z-
pinch implosions, but these experiments focused mainly on the
growth rate and X-ray production and did not vary the
magnetic ﬁeld to test for a relation between magnetic ﬁeld and
the MRTI wavelength.
In the Caltech single-loop experiment, a magnetized plasma
loop is generated to simulate solar ﬂux ropes. Mechanisms for
ﬂux rope expansion (Hansen & Bellan 2001; Ha &
Bellan 2016), magnetically driven ﬂows (Stenson & Bellan
2012), apex dips (Wongwaitayakornkul et al. 2017), and
coronal mass ejection cavity formation (Haw et al. 2018) have
been studied. We show here the existence of a hoop force
driven MRTI in this experiment. Detailed measurements
indicate a scaling where the observed axial wavelength λ
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increases with axial magnetic ﬁeld, and this scaling is shown to
be consistent with the MRTI.
2. Experimental Setup
The experimental plasma is generated in a 1.5 m long, 1 m
diameter stainless steel chamber having ∼10−7 Torr base
pressure. The chamber is considerably larger than the plasma
and simulates a half-inﬁnite space. The ﬁring sequence is
shown in Figure 1. An arched 0.01–0.3 T vacuum magnetic
ﬁeld called the bias ﬁeld is produced by solenoids located
behind the electrodes on a slow (ms) timescale so as to
penetrate the electrodes. Gas is then injected into the electrode
region by fast gas valves. High voltage (3–6 kV) is applied
across the electrodes on a fast (ms) timescale, breaking
down the gas and creating plasma. The plasma is almost fully
ionized, and has density –~ -n 10 10 m20 21 3 and temperature
∼2–10 eV. The plasma duration is ∼10 μs. The distance
between the centers of the two electrodes is 8 cm (Ha 2016;
Haw 2018). Figure 1 deﬁnes a Cartesian coordinate system
with origin at the midpoint between electrodes, z along the
vertical direction, and y along the line between the two
electrode centers. The capacitor powering the solenoids is
charged to a voltage Vb, so the bias magnetic ﬁeld provided by
the solenoids can be expressed as B=αVb, where α is a
constant. Vacuum measurements of the bias ﬁeld were made
for Vb=50 V at x=0 cm, z=3.81 cm for two different
values of y. These give B=(0.00, 0.02, 0.08) T at y=
5.08 cm and B=(0.00, 0.04, 0.03) T at y=7.62 cm.
3. Experimental Results
The image in Figure 2 shows a typical observed MRTI. The
MRTI occurs in a positive y region (upper region) with
y=5–8 cm, z=1–4 cm as determined from the images. The
growth rate γobserved is determined by measuring the MRTI
amplitude at a sequence of times. The effective gravitational
acceleration geffective is determined from the y-direction motion
of the loop at the location where the MRTI takes place. The
wavelength λ is obtained from the image when the MRTI
ﬁrst appears and ranges from 0.5 to 2.5 cm. We assume the
observed MRTI is the fastest-growing mode and compare
the calculated growth rate g g p l= = gcalculated max observed to
the observed growth rate. The table in Figure 2 presents this
comparison and shows that the observed growth rate is in good
agreement with the calculated growth rate; this conﬁrms that
the observed structure is the MRTI.
Another question concerns the mechanism providing the
effective gravity. We now show that this mechanism is
provided by the hoop force acceleration. A circular, current-
carrying hoop (Shafranov 1966) with major radius R, minor
radius a, internal inductance per unit length li, and current I
experiences an outward radial force per unit length
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Figure 1. Diagram of the single-loop apparatus showing the primary steps to generate a ﬂux rope: (1) generate arched bias background magnetic ﬁeld, (2) puff in
neutral gas, and (3) switch capacitor bank across electrodes (adapted from Haw 2018 with permission).
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which gives an acceleration
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R and a are obtained from the images and I is obtained from a
Rogowski coil measurement. This provides sufﬁcient information
to compare the observed acceleration gobserved with the calculated
acceleration gcalculated from the hoop force. The MRTI occurs at
t=2–3 μs and parameters measured at t=2 μs are used with
density assumed to be n=2×1021m−3 (Ha & Bellan 2016;
Haw 2018). The gas used is N2. The table in Figure 2 shows that
the observed acceleration and the calculated acceleration have
order of magnitude agreement. Discrepancies exist presumably
because the current loop in the experiment is not a complete
circle. Also, the measured current does not fully ﬂow through the
visible loop (Stenson 2012; Ha & Bellan 2016); this is consistent
with the observed acceleration being smaller than the calcu-
lated one.
The bias voltage Vb (applied on the solenoids) controls the
background axial magnetic ﬁeld of the loop. When we increase
the bias voltage so as to increase the axial magnetic ﬁeld, we
ﬁnd the wavelength of the MRTI increases, as shown in
Figure 3(a). For a sufﬁciently large bias magnetic ﬁeld, the
MRTI is not observed.
Figure 3(b) shows measurements for a sequence of bias
ﬁelds Vb=30, 40, 50, 60 V, each repeated for 10 shots. This
plot indicates that for increasing bias voltage (which is
proportional to the axial magnetic ﬁeld), the wavelength
increases.
This phenomenon is consistent with the MRTI theory, since
Equation (5) shows that the increase of magnetic ﬁeld causes
the corresponding fastest-growing wavelength to increase. For
a sufﬁciently large magnetic ﬁeld, the wavelength is larger than
the loop dimensions and the MRTI cannot occur. This is most
likely the reason for the absence of the MRTI in previous solar
loop simulation experiments where a much larger axial
magnetic ﬁeld was used (e.g., Stenson & Bellan 2012;
Wongwaitayakornkul et al. 2017). In Equation (5), besides
B0, the other two parameters, ρ, g, also inﬂuence the fastest-
growing wavelength. In order to remove the inﬂuence of these
parameters and verify that the increasing wavelength corre-
sponds with the MRTI theory, we introduce the parameter
s=λρg. Using Equation (5), the fastest-growing mode
corresponds to
( )pm
pa
m= =s B V
8 8
. 10b
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To determine s, the quantities λ and g are obtained from the
image measurement, while n is determined as a relative density
Figure 2. MRTI in time series images of N2 plasma loop evolution (these images are rotated 90° clockwise compared with Figure 1). The table shows comparison
between the observed growth rate and the calculated growth rate from the MRTI theory and comparison between the observed acceleration and the calculated
acceleration from hoop force theory.
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from the light intensity that scales as n2. Keeping other
experimental parameters the same, we set Vb=30, 40, 50, 60 V
for 10 shots at each voltage to obtain s. Figure 3(c) shows s
plotted versus Vb
2. The error bars are determined by the shot-to-
shot variation of measured data and the line shows the best ﬁt.
From this ﬁgure, it is clear that s scales as Vb
2 as predicted by
Equation (10).
As the geometry of the experiment is more like a cylinder,
the experimental results can also be used to compare with the
MRTI under cylindrical geometry derived by Zhai & Bellan
(2016). Using the notation in Zhai & Bellan (2016), the growth
rate is
( ) ( )g g a= Fx, , , 112
where p l= =x ka a2 , a = qB Bz , m rF = qga B2 0 2, and a
is the radius of the cylinder. Consider a system with certain
values Φ2 and α subject to a random perturbation that contains
all possible x=ka. The component x that gives the largest
( )g g a= Fx, , 2 is deﬁned as x*, and the fastest growth rate
is deﬁned as γ*. Figure 4(a) shows the dependence of the
fastest-growing mode on α for ﬁxed Φ2=3.77. Note that α
is proportional to the axial magnetic ﬁeld and x corresponds to
1/λ. Figure 4(a) shows that with the increase of axial magnetic
ﬁeld, the wavelength increases and the growth rate decreases,
the same trend as predicted for the MRTI in planar geometry.
We assumed all of the experiments have the same parameters
except for axial ﬁeld with r = ´ - -5 10 m5 3, = ´g 3
-10 m s10 2, I=104 A, m p=qB I a20 , and that the observed
mode is the fastest-growing mode. The only free parameter in the
determination of Φ2 is a. From the experimental results, x* can be
obtained and the corresponding α and γ* can be calculated. The
observed growth rate and the calculated growth rate are compared
in Figures 4(b)–(f) for different a. For a=0.015–0.025 m, the
observed growth rate agrees well with the MRTI theory in
cylindrical geometry. The value for the radius is somewhat larger
than the observed 0.008m value. This discrepancy may result
from simplifying theoretical assumptions such as uniform density
and axial magnetic ﬁeld and current ﬂowing through the surface.
In Zhai & Bellan (2016), the radius used for comparison was also
larger than the one observed from the image.
Figure 3. (a) Time series images of N2 plasma loop evolution (upper shot#7385 and Vb=30 V, lower shot#7281 and Vb=60 V). (b) Plot of the wavelength of the
MRTI vs. different bias voltage. (c) Plot of s vs. Vb
2 (each data point is from 10 shots and the error bar represents the spread over these shots).
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Figure 5.MRTI in a quiescent prominence observed on 2007 August 8 at 20:01:22 and 20:02:24 UT in the Hα line from the Hinode Solar Optical Telescope (Kosugi
et al. 2007). The table shows dimensionless scaling of the experiment to solar prominences.
Figure 4. (a) x* and γ* vs. α with Φ2=3.77. (b)–(f) Comparison between the observed growth rate and the calculated growth rate from the MRTI theory under
cylindrical geometry (each data point is from 10 shots and the error bar represents the spread over these shots).
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4. Conclusions and Discussions
In conclusion, we have determined a hoop force driven
MRTI in a laboratory experiment. Changing the axial magnetic
ﬁeld shows that the wavelength of the MRTI increases with the
increase of axial magnetic ﬁeld. This scaling is veriﬁed to be
consistent with both the planar MRTI theory and the more
detailed cylindrical MRTI theory.
For the experiment, the characteristic length is L=0.01m and
the characteristic time is t = -10 s6 . Plasma density is about
´ -2 10 m21 3. Plasma temperature is assumed to be 5 eV. The
corresponding Debye length l = = ´e - L3.7 10 mk T
neD
70 B
2
and p l =n4 3 430 1D2 . The resistive diffusion time ism h t= ´ >-L 2 10 s0 2 6 , where the Spitzer resistivity h =´ W-6.8 10 m5 . There may be some magnetic ﬁeld diffusion
effects. Near the MRTI region, the axial magnetic ﬁeld is
measured to be 0.04–0.1 T when there is no plasma. The toroidal
magnetic ﬁeld generated by the current is calculated to be 0.2–0.4
T, so we assume a nominal total magnetic ﬁeld ∼0.3 T. For
B=0.3 T, the cyclotron frequency for nitrogen is then
w = ´ -2 10 sci 6 1 while the characteristic time is t = -10 s6 .
The system is thus marginally in the MHD regime. Hall term
corrections may thus alter the MRTI dispersion relation derived
from ideal MHD. We do not insert magnetic probes to measure
the magnetic ﬁeld at the MRTI location because the MRTI scale is
so small that a probe will disturb the MRTI. As the MRTI
dispersion relation derived from ideal MHD can describe this
phenomenon properly, we assume the ideal MHD provides a
reasonable description to the lowest order.
The MRTI behavior reported here is likely to apply to many
other situations governed by MHD because MHD has no
intrinsic length scale. MHD scaling (Ryutov et al. 2000) allows
for three free parameters: a1, a2, a3, following invariant
relations:  ¢LL
a
0
1
, r ¢r
a
0
2
,  ¢BB
a
0
3
,  ¢PP
a
0
3
,  ¢t t
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a
a
1
1
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2
,
 ¢v va
a 0
2
3
,  ¢g ga a
a 0
1 2
3
to transform a scale to another scale
having the same plasma beta. This transformation gives a one-
to-one correspondence between systems, allowing laboratory
experimental plasmas to be scaled to equivalent systems in
space plasmas.
Figure 5 shows the MRTI in a quiescent prominence
observed on 2007 August 8 UT in the Hα line from the Hinode
Solar Optical Telescope (Kosugi et al. 2007). The mean value
of initial wavelength is about 1 Mm and the characteristic time
of the MRTI is about 1 minute (Berger et al. 2010). For a
typical solar prominence, a representative value for mass
density is ´ - -5 10 kg m10 3 (Hirayama 1986). The pressure is
in the range 0.01–0.1 Pa and a representative value is 0.05 Pa
(Hanssen 1995). The magnetic ﬁeld is about 3–26 G and a
representative value is 12 G (Leroy 1988).
The table in Figure 5 shows characteristic parameters of the
experiment, the solar quiescent prominence, and the experi-
ment scaled to the solar prominence using = -a 101 8,= ´a 1 102 5, = ´a 6 10 .3 4 The scaled characteristic para-
meters have magnitudes similar to that of a solar quiescent
prominence. From these results, the variation of magnetic ﬁeld
strength may be a reason for observed differences in plume
dynamics in solar prominences, so that prominences having
weak magnetic ﬁeld produce many small plumes while those
with strong magnetic ﬁelds produce large plumes.
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